- 1 - HYDROGEN MANAGEMENT | N PETROCHEM CAL PROCESS UNI TS Field of the
I nvention [0001] This invention relates to the managenent of
hydr ogen i n Mwaelemeereaiont ai ni ng streans associ at ed wi t h petvszetsodnizesl
process -units wherein the hydrogen-containing streamis subjected
rapid cycle pressure swing adsorption to increase the concentration
of hydrogen therein. Background of the Invention [0002] Hydrogen is
vital for the operation of many of today's refinery and
pet rochem cal - process units, including hydroprocessing units in
refineries and isonerization units for,petrochem cal plants. Since
hydrogen is an inportant and valuable"kbnnndity in the various
process units it would be beneficial if the concentration of hydrogen
i n hydrogen-contai ning streans associated with such process units can
i ncr re ing at.lea DOrLion Q e Qt her. conpone
o e b o DB F s cER R ROBE RO el 64T, BROCRSR IRRAS)

In a preferred enbodinent there is provided a process for increasing
t he hydrogen concentration in hydrogen-containing streans associ at ed

wi th petrocheni cal process units, which process conprises subjecting
t he hydrogm&?—me_ i Hg-steamto rapid cycle pressure swng _
adsor ption [goof] COnkiinRbR¥braeRted idihk IanRberAdS OFf RRRbzdRaH Biydlgedlavi ng a
total cycle time of |ess than .about 30 seconds and a pressure drop

wi t hi n eacroatiining eieaniscagsasiatesh with peirachemicalipaeessupitsoeseip thedeideeseper
foot of bed |length r , i
total cycl %Olg an,ex;:1%]str?agﬁggg%%tkgragﬁgégﬁer%@%sﬁeﬁsg ‘%%“%5%@? 15 ﬁ?ﬁéreﬁéeers} ge

t han about cbhcaratogsf hydrO@dGhertia. yet anot her preferred enbodi ment

the total cycle tine is |less than about 10 seconds and the pressure
drop of each adsorbent bed is greater than about 10 inches of water

per foot of_bed | engt tai] ed Description of the Invention [0006]
Purified p%ﬁ&‘—ﬁ?ﬂé—ﬁl&%—e : f‘i somers are used on a large scale as
i nt er medi atgggodjor mﬂgg&qg L NAHMES op2th Gfmayl df_fﬂodagfsl e JRhOr
petrochem cal s.” Denand for purified neta xylene is believed to be

bet ween 10(eamechergiod pecess wiils, neludimg hydspprocsesigr et iyrefiopmesdindy and

speci al ty ghepi : ﬁﬁjug i.nd i . -, and
ort ho- xyl e%e |sr&%|8818 1y gggb%g%%gpé%’#?t g’?“%%iéﬁ‘?/g“; Hggg%ri&gc{rr%-ﬁé%dene
demand i s swaldadlegentrthadityi indhestaripudprocets weltop edupl wdeasfdaltibther oduce
it from other arorratii: | ecul es %0007 .Rout es for separatjng.and
conver t1 ng CRETEHIB AL PHEPETI REUPBF-PARABIRE SUCTRHAT ST R Wk §¥dhe

i ncl ude equyirbédas 118 RLVEHFET@PErcRRIvATSR 1Q6E 4 YRHIbPUE B8 othER BorfiBdrRhts
routes enj cr%tﬂgbxcdtirrent %@mgé al use 1 nclude: Xylene Isonerization,
or the isorfarlipg BECUOFOHAMLIBE BECaF om a m xture of C8 aronatics,

Tol uene di sproportionation to nake a m xture of equilibrium xyl enes

and benzene, Transal kyl ati on of C9+ allcylaromatics with toluene
and/ or benz@namaaydf Gl lagéntim Tol uene Di sproportionation to

- xyl b - 3 -.. [0008] .Thre f_ xyl
P oner | zat i B0 odBeguerensd agbofinBiito iy HEviday ¥ Broroiyen easpe e
converted, RaYSHBRcHRINE &ildtoE8E cottiialdgdiesmt hRodixdd SrtigRI-BYHcAtitON

of ethyl benZene to benzene and et’hane, the hydroi sonerization of
et hyl benzermgoeass pridd wdichapaeess ermaprisgy subjesting thechydragenrsoripingng $gandip of

et hyl benzene,. fol] oawed b | Sti i ve. renpval ] L.£S .
Coovoy 1 depidgPeleRiEaugiaicisopdbs i boRtRe (s ARG boi e
enpl oyed. Theidcth e cffld tifnerd $dso tin bbodti30Stedntineid Opetsmes dop pitthierh
the C8 heart cut by renoving C9+ aromatics in the CO splitter;
optionally %ﬂrﬁo@eﬂhﬁdﬂwtqrgﬂa@ﬁﬁ?‘&ﬁéﬂcheﬁ °5W%Pﬁwewze§]m-red.
.Para-xylene is recovered fromthe C8 heart cut in a sorption
process; since the sorption process recovers > 95% of the p-xylene in
the feed, the raffinate has a | ow p-xylene content of ca. 1% The

-




100121 Conunerci al processes for nethylaromaties transal kyl ati on
processing can be roughly divided into two types, depending on

f eedst ock enmploageshrocer ansal | cyl ation of toluene w th COPCLM@S2006/002295
aromatics, and. conversion of heavier feedstocks, such as C9/Cl10
aromatics, w thout added tol uene or benzene. Both process types

enpl oy the nmethylaromati c and aromati c de-ethyl ati on/ de-propyl ation
chem stry descri bed above. These processes operate at 400-470C,

200- 400 psig, 1-5 nolar hydrogen: hydrocarbon, and 0.5-5 WHSV based on
aromati c feedstock. [0013] Tol uene can be hydrocracked to benzene and
met hane i n hydrodeal | cyl ation (111DAy2ﬁrocessing. HDA, whi ch
currently accounts for approxi-mately 15% of - 5 - petrochem cal
grade benzene production, can be carried out either catalytically or
thermal l'y. rgpay Cai@iﬁﬁ%ag g%f&?&ﬁe?nt}btdidxén% Qe %%@yae u Fb??éptu?gyc@ ure
VIIlT metal "or metal oxi supported on ‘al um na, ope ates a

t enper at ur s¥ingedewpBOOE Iess thangbout 1§ sstanidsi ze net aI sintering. Thernal
processi ng enpl oys high tenperatures (typically > 650C), and high
concentrations of hydrogen (H2: Toluene is typically 2-6). Thermal HDA
i's currentl[§ooche Hoyst aasther mefefred OfbiiineRBE RS ciidle timeusesomiDisout
since they Broduce hHgBP yi el ds of benzene, and avoid the use of a

catal yst whP &FPoResal e PRrssre fron of grchefsastient Bed i Broaterdhan gpout 10 inches
quantitati wgwggg}ﬁérmbﬁ;fq,egf]e m@zene can be recovered (99%, but the
forgation of methane is a net aromatic weight yield | oss, and hence
thesultimate net weight yield is limted to ca. 84% The relative
pricing of a v over the course of petrochenica
cycl es andlgﬁusﬁgﬁgcr 33%3§§L§ib§L—But as a rule of thumb, HDA is
favorabl e when the spot pricing of benzene is greater than 1.25 tines
that of tol98Ak. P@@E;eﬁ]pmcs apdorthexgdesnisdmaratesed af odargt $ale aabove,

ctverar pr SAESHE R ol el e RELT A ORI ot B FURE RIS e
di spropor t Denahd for pueified ¥t mldmriebemneﬂ fodnrrtesend @b aad 060 kiolthene

Lol ene,  bENPEAEvehrpeRa Rurod e JFPARY o RGEL B oeDe THadDEY onal

t ol uene, e ona

m xed Xyl efRgstridiSde@ink 88 &}Mdhﬂ%ﬁio&bﬁléﬁk'l%ugﬁly%@'d@@'k@a ERtREQRUER T,
benzene. drogen is crltlcal in all t hesé processes, to saturate

t he ol ef i nSatdxylent derandds 8q lorgsdbat md’qlsmbamﬁlpp@dgmmsqsﬁepm@ﬁ ytic
processes, st aging. [0015] Cearly, ways to
i ncrease tﬁgﬂﬁﬁ@gﬁaﬁgéﬁﬁmég%géﬁ by the renpval of contam nants, such

as light hydrocarbons, or inpurities in the hydrogen feed such as -
- _hydr og&®0gLi| f Refates ﬁnrmamg@adbmveﬁmgdhep cernman deedstobitsiforihoxi de,

6

can jhave a n_petrache I 6] In

Convent FonBOABcklPer ey uEP sbRE BBicb R ARG o 98 o
m xture i sTh@ﬁﬂ}ﬁt&@ﬁew@eym@emmb@mfneﬂfcxa@umhclade Otylendtemmezranan,fotr st
bed of a sglld sor bent that IS selecgtive or relatlvely sel ective for

one or edmRRBIAReR Of Xengs P auirtwe 9 68 aFomYisahsliem®t that is to
be rermveddj{n% RaiftASroShaRH i &eb?ecﬁﬁﬁﬂuﬁiﬁd&&s%ﬁ&%‘!ﬁz&ﬁé"o or nore
contam nants s t aneous Yy but or cohveni ence, the corrponent or

conponent s Ttamaalkﬂa’eon of Gt a]é:mimnhtm with beluenefasdios tenzene,rand Relestivegul ar

and referri ﬁs a _conta f g g ous m xture is passed over
a first ad § }ﬂ%%%F?9P1°?‘%%?“68 Befrcarfti“@iter ges from the bed
depleted in the contam nant that renmains sorbed in the bed. After a
predeterm ned tine or, alternatively when a break-through of the
contam nant is observed, the flow of the gaseous m xture is swtched
to a second adsorption bed in a second vessel for the purification to
continue. Wile the second bed is in adsorption service, the sorbed
contam nant is renoved fromthe first adsorption bed by a reduction

_._><



a.= Ds/ Rs2 22 On cm/sec) - 9 -_where Dg is the diffusion
coefficient in the gas phase and Rg is the characteristic di nension
of the gas nid e 0MEre the gas diffusion in the gas pha®&/U2ePs/092895
wel | known in the art (i.e., the conventional value can be used) and
t he characteristic dinension of the gas nedium Rg is defined as the
channel wi dth between two |ayers of the structured adsorbent
material. [0021] The mass transfer rate constant in the solid phase of
a material is defined as: a.(in cn2/sec) (2) where Ds is the
diffitsion coefficient in the solid pb9§e and Rs is the
characteristic dinmension of the solid Tredium Here the gas diffusion
coefficient in the solid phase, D' is well Inown in the art (i.e.,

t he conventional value can be used) and the characteristic di nension
of the sol i [@0083di UrhreeRypésofdelénaeshnasizitium prbdbedes Ohat diffepmlans REn!

| ayer. [00%%$ g. M Rut hven C. ,Thaeron, Petfornmance of a_ Parall el
Passage AbsERMeshzerss canyesicd, avpheen sommearializsds meluding top hydetisol ogy
12 (1997) i i LS i aptfies that
For 1 ow t heoua e e e R0 Ot B8y e e opler PHL S e
width is a dadeenzere tagreduics efditiciataplsng nr fherrantdkyjagomeftthytbenRee, U. S.
patent 6, 60/,,584.10,. au et al....which is incorporated by
reference,zépg%m% %&g%ﬁgmfﬁgoﬁgpgﬁpéﬁmﬁsﬁkﬂ%ﬁlating t hese transfer
rates and associ ated coefficients for a given adsorbent and the test
st andard cona%ﬁitionﬁ E%Ed for .conventjonal PSA. Calculation of these
mass transfl@P0Hat dn el ek theps chemisties. p xplenavsomsriziiondeoryisermieypdsikhg ¢8
in the art : i f [ j e

't from staada derarR iefiat faliielto oy Gn R HBRL Kt et g (0¥
relies on taiemefis inmthedifssplitfertopbentdlyeh QuthotTooer & eopldyal erhe-xylene is

Addi tional |y, to.C s [ ngtraints, conventional PSA.i s
ounl |y corderdhcpaf-SRE S SORR G Blb:cuf AW ST Gopes hing?

| east one dhe soopitorb@dsess sechutrs ¥ 9584 af the pasienp af thie dtddy tHerafietehaedlow
portion of the cycle at_ any, o ti in order to limt disruptions or
surges in &R &P@&?ﬁ% %nﬁe&ﬁhﬁmkﬁd rﬂ@@”@gﬁ‘t‘ﬁ@?@%%@?‘l

| arge si ze b8 MURNEAQB M orkeRaBEH RIBN in whibE e Hehsdt iShéRoRbld NG,
adsorbent material iS general limted particle Sizes of about 1 nm
and above. T ¥8endgsgee isemenzedito eqphbduwnrand ¢ebniling paredims aue kydrdasackedites |

limted de |0 i . . L.al S W “Fesult.
[0024] 1 SeEbso s ERheFIER0RM, fifia fh SHLARRENE ot ol S vy
conduct t hdighbgastd, ekile benzegh and tobdeme presombesd ssadattead hethe eplitioniang afe
nunber of separat S nt hed .conpart ts or, "tuyhes", each of

el ol £ R R R R e R S
steps as t hgmbpiedritBsklfeed; @APIRYASA bR 166! (D100 IAREIR FnfilRe profiiSing.
rotary sorber nodule is normally conprised of nultiple tubes” held
bet ween t wirasihe pAudliesimy ponwentietionad gut-xylene ip oa. 24y, day B8 streamniul e
wherein th pl i Gt W ator_conprised of
separate na%rﬂllagrg{)e P ﬁi}o&?@?ﬂ%ﬁatﬁ%eﬁ%@% > bfao‘;ﬁ'hl}é]ar%g:f{fc?& % 1(:% Y5t e RcPsa
tubes and processed purified product gas and the tail gas exiting the
RCPSA t ubes_j.s._conduct ed y fromrotary sorber podule. By, suitable
arr angerren"ts[oé)ﬁ'] t h&CEEEF OB&& ’é*ﬁﬁcl?réﬁ?lﬁ%’ﬂd’élflesérahlﬁﬁﬁﬁmﬁ i} e RVAERfL Al
conpar t Mentig, Qi-hieRadBYisRasisall MnasGAbicheGbaY Relak H-n%‘tl’ﬁﬂ aAd 8R§1 Of
the conplete cycle at any one tine. In contrast wth corventional
PSA, the fleowvmaticdrapsalkyatien ofeylencs onwelddifli areaticsy sativeti ROPSAOmAatics

ion/d ' I h [ f '
on the.or dartispne BB RIS inE gefetes G BB e ea P geohehRe
and flow rate pul sati ons encountered by the conpression and val vi ng

machinery. In this form the RCPSA nodul e includes valving el enents
angul arly spaced around the circular path taken by the rotating




significant inprovenment in mass transfer as conpared to a traditional
packed fi xed bed arrangenment as utilized in conventional PSA. The
rati o of thewbrasaf®es rate of the gas WO PCT/US2006/002295
2006/ 079027PCT/ US2006/ 002295 - 13 - phase (rg) and the nass transfer
rate of the solid phase (re) in the current invention is greater than
10, preferably greater than 25, nore preferably greater than 50.
These extraordinarily high mass transfer rate ratios all ow RCPSA to
produce high purity hydrogen streans at high recovery rates with only
a fraction of the equi pnent size, adsorbent volunme, and cost of
conventional P SA [0028] The struct urgd” adsor bent enbodi nents al so

results in significantly greater pressure drops to be achieved
t hrough t h s A HRoGRAkIng R AroRBHHIRTeReE Hekyesn A owT reRione raarthe al

ef f ect's assOfhaest1db P Ayidne Yrdlfe %g%retd% QQ%%%%{IHSSTQ& AEIRLOSH

beds can be designed w th adsorbent unit pressure drops of
great er t hagdweuseflprodifot yiteld singe thefy gemlioh netecbhativgti¢ld lowsr eromatic

preferably I . L. H20/fl. and even r r ef er apl .
greater than :ﬁrlls 34}&%%%, %‘H%ﬁ?@" Fed up??qg%mrﬁ%g%%; T8 W‘ﬁf{ Siich
PSA units wist be bvuidaids theliinilled ®enaent is th B G610 aPElRSEEA §ralled ASpREE
generally limted to, bel O‘%@ﬁbo t 5.in, . 1-120/ft depen inggqupon t he

adsor bent eSS chrdiionpare 408i4/8nECr bial PassA-Smeleshyskegeg hydEqcarhen, amdt h
a pressure 1dEEWHRY &8Amakid fBedst&eR/ {sée 21 e*éﬁlﬁfl%gﬂ‘i ﬂtéﬂt@,%’@d‘?@?

praobl ens di scussed that are associated wt arger | ong

cycle tine, and parti cul ate absorbents of conventional PSA units. The
adsor bent HE8d]of TebevedispropattioP8ions anseirctivcivbrne dapephitiphetiorp isedsur e

drops beca 16 I 4 f fluidizing the ds which.results i
excessi ve ;ht§ ?drj?{j?&o%ﬁlgnfg?%re g’ﬁ%{{uﬁﬁ%n ﬂﬁﬁr%ﬂﬁ?‘ﬁ %ﬁsﬁf@%t%naé%ﬁ@%ﬁ@? ng
equi pment  §EoBOAED iy Oct-5 maledgdicged dohydkodaftihadd 3-9 WHEYSOR AeRkbtic
mat eri al s. Te%%% rgedl WE” her adsorbent bed unit | ength pressure
drops al | off %ﬁ\rﬁ“d’ Bt%‘é ue%%b%eﬁlacw 10 Y Midrand A produass ere benasaetCe
shorter, angmwedhiker Uh ke it; @%géfﬁ,i R .
[0029] In an enbodl?lﬁgﬁ??ﬂﬁﬁgiﬁﬁﬁﬁﬂ &Fjélhgtggg%lrhg}é ure @%’Sg‘gﬁgﬁag‘\%“ ﬁfca'h
vapor vel o&Erpass talgensconvdrsion indiraitediosboutd 284 if highyields atisonbaide breds .

Thi s resul {3§siled b .14 - SS scont act rat et ween the
process flurds ’at%d‘gt/egotrg gg‘#%éﬁ@%&?@?figﬁibui%ﬂn%\S]ﬂfﬁ:&?cqbf time than can
be achi eved by conventional PSA. This results in shorter bed | engths,

hi gher gas e jransfer. rates (., r nd i nproved hydrogen recovery.

Wth these I@Zﬁi f ?385'??%?%}313!?{8‘?“?%%5&%‘8&% cs F%‘%Séﬂ(}’éﬂe% PINCESSHISPFR of

the RSCPA &pphighBtdigide®intd fio Bpes a%qnﬁﬁg%t&%QEE%BF;y%i P4 Qt(i)&.tS
a

totgl bed pressure differentials during the feed cyclé of abou )
to 50 psi gof iplusne wath) GP/CEQ gromptias, 30d penvgrsiaunfibeavienfeedstacks, ublead engt h

f th ti | i i,n_| h bl
ess o, SRR o Ol B oL SR ek B bl PO s P
| engt h. 10e®ylafbmatihanl | arb[ma@a: éssﬁhyhﬁbﬁﬂe—bﬂgpgn’gbx?%lﬁ?ﬁﬁy He@ribdEatiBEESA

rocess ar not critical. n C Vi .ae e ressure
gi fferenti EPCSS@E%@WS PRYagHE 38%?%)%@ gﬂ%ﬂé‘gg%&dﬁ BW?%t eps !Os
suf fi ci ent hi@oSHIBRIrscaEANSR] 0.5 st WESRASREDEH EcoHaﬁEEéeﬁé}P&eadi ng on the

adsorbent thereby providing a delta |oading effective tor separating
t he stream conponents processed by the RCPSA unit. Typical absolute

operating ur ve range fr out 50 to 2500. psi a. ver,
it shoul d mﬁﬁﬁt e °1¥‘§%"‘t 4&%#@3%@&5@%&%?@5@@5 aﬁ‘ﬁ meﬁﬂamﬁ%ﬁw% non
feed, depr @BA) postdstiy. HIMAQRhiRRGuRERIORBOIHTRE hiiRoBhRAesy 18%rhi ghly
dependent upon many factors including, but not Iimted to, the actual
operating pressure and tenperature of the overall streamto be
separated, stream conposition, and desired recovery percentage and
purity of the RCPSA product stream The RCPSA process is not



[0034] I n an enbodinent, the tail gas is,also preferably released at a
pressure high enough so that the tail gas nmay be fed to anot her

devi ce absentWQ 407888 conpression. Mre preferably the RG/TS28§8H02295
pressure is greater than or equal to 60 psig. In a nost preferred
enbodi ment, the tail gas pressure is greater than or equal to 80
psig. At higher pressures, the tail gas can be conducted to a fuel
header. [0035]Practice of the present invention can have the

foll owi ng benefits: (a)lncreasing the purity of hydrogen-containing
strean(s) avail able as makeup gas, or _ pf streans which nust be
upgraded to hi gher purity bef ore they are suitable as nake-up gas. -

gas st r eamERIEER Tt srodabuch o G PRRRE RO By ivisall g

purity in tthermai]@aqm@rcaﬁagm@bk@éssflﬁﬂlzbd ;Qﬂikﬂ& éﬂiﬁﬁﬁrﬁ&l@&@ﬁp WI%&Yzﬁbkhiéta‘Pr
addi ti onal S(gqr‘%bs uct treat| ng c) e fof H2 recover rom

hydr opr oce UpEPTRd %@B@mﬂe?ﬂ@m}ﬁw @@Wﬁ bdﬁW 5@@%/@ anerdentoons

Ctypi oal |y ZHRERE Mokl gk, BSAR N o Bh1oB 188 IR SGRUBR Ry >
purity tr ar@O&QIbsnd bighi cghemtrifforpaif hiyddoggr @ Tolaend is t}@ﬁmﬂy 2-6). Thermal
hydr opr ocessy react S _both increases the.r tion klnetlcs
and decr ea?@?ﬂtqﬁ 8“?%{?13’ %ﬁ" h?:rﬁ’tﬂﬁ?vg?te FeA BFRPTSS Hmtsﬁﬁé“ﬂfgﬁéf Fipge de

hi gher H2 paodice Ih1girﬁslﬂu bEBergadt 42€ a0¥ial (B hRbfiatbaflPstwhidh Yeds t%h’s
such as: operating aé}le wer reactor tenperature, which reduces energy

costls, decreplagrd REge *@é‘%ﬂy REtisHYe modr avald pblengencsry be recovered
i ncreasi ng (99%5 el ff)ﬁﬁiﬁmﬁ%%ﬁﬁﬁé 50 AHY Eforéﬁérwe(léﬂt E:?t{l la%&'%: nae & the

f eedst ocks;  processing er concentrations of
i nproved prﬂl@u@hﬁ nebweight palldtw Lmited foycan84i. dhd ralitiveymicingetfbbhdenn enki ng

existing c tr S circuits ncreased scf H2 at
const ant tg{;ﬁgl I??S?ag{;\/%v%ﬁﬂég Sescgg’?ng%fnﬁ‘faﬁ F%%Srﬂngidl de%?%\f\’/f‘)ﬂoé'ﬂas &Pher
nmeans that asauhid diemmiiyanests faoorable vieh thexhot jf?nélhgoﬂidnzene is greater than

[ 0037] I ncrgﬁd H2 re%fover al so offers significant potenti al
benefits, H1Res (ha CHOWPRE: descri bed as fol | ows: (i) reducing
the denmand for purchased, manufactured, or other sources of H2 within

the refi ner&; (ii1) increasing hydroprocessing feed rates at
constant (409 ng)s mlbétaﬁﬂng@@'ndmm%m@am bovesyidtogefi ist digicalinrleas ed

hyd h
nyar opr ocedeticnoreal ik uopendt ek it SRRl pBPat-SC i aREeR Y 1

(iv) renoviisugneizpiiod jo nessfng,ttbmeh&dlfspmﬁbmeﬁaﬁwrty miik& xyJéfes Whd Bdhzbse,
detrinmental to the]fu Ii();as due to hydrogen's | ow BTU_val ue which can
present coftiETTeFAluER dispropofippation tp Bﬁ EJ"-HWCP"HW‘Y]FE% RS BeNZERg, 28 e

furnpce bukf@éss, benzend, \é}ld %ah:‘i‘és tﬁﬁmlﬁt%ﬂth%"md’fﬁy b &hikShaR RRAIISiered o ne

know edgeabl e in the art ow ng “exanpl es are presénted
illustrati v@ﬂmﬁrhﬁéwgalbyﬂavolmﬁomtocpm@ceP@@nmuteﬂyémgbelswgubalnn 2l ng

In any way the@éﬁ%a EEI?S, to saturate the olefins formed, to participate in the chemistry in the

catalytic processes, and to reduce catalyst aging.

[0015]  Clearly, ways to increase the purity of hydrogen by the removal of

contaminants, such as light hydrocarbons, or impurities in the hydrogen feed such as



Exanmple 1 [0038] This exanpl e describes the conventional operation
of refinery process units without the benefits of the invention. A
first processwghosdizbdzate treater operating at 35 barg, irgThuschoswizipsa
m xture of distillate fuel fromdifferent upstream processing units
such as vacuum pipestills or selective catalytic treatnents units, at
a typical rate of 160 [0039] A second process distillate (e.g., gas
oil) treater operating at 20 barg, is fed with a mxture of oil from
di fferent upstream processing units such as atnospheric pipestills or
fluid catalytic crackers, at a typical rate of 200 ns/h. The second
unit can be operated in conjunction vi%h the first in different
conventi on nodes,, _each nbde designed to nmake distil]ate products

that neet ﬁﬂgrén st Ede.rmmmenia ﬁébeFB}OnEXé%ﬂFlé cahan fioxide, eandiaves
produces aip gﬁgg f reas the second treater can
make eit her % %ﬁéﬁfe&pﬁégoﬁbgﬂé%%lsdé%ﬁauwmen t he conventional unit
operation is - 19 - practiced by the forner node, hydrogen

consunption,if.th con i 40 |thvv| atrea ~rate of
o B BT o EEET g Press S Wi Aoy LR 5 o Che
first unit casRubuskioass cgmaeamhﬁ@@rﬁﬁmsm ﬂ‘dﬁﬁ%& Bfn&iée&&r OfSt Beat e aof
27 NnB/ h angb(ﬁroduct sul fur of 44 F . These val ues represent an
exanmpl e wi tSRdiEorbend thad frevelact veer ralatively peleativeifor anger giose eagaponents,
conflgurath% rgéﬁ f iy st
embedi nent 1ty he |g%/ﬂe%tﬁ2%éﬁ@ag§9%t§t\%%gltﬁ% P&}E@gh?#‘g %%gar\/{%elr eﬂ$he
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this exanple, the refinery streamis at 480 psig wth tail gas at 65
psi g whereby the pressure swing is 6.18. The feed conposition and
pressures are typical of refinery processing units such as those
found in hydroprocessing or hydrotreatMy applications. In this
exanpl e typi cal hydrocarbons are described by their carbon nunber
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{0017]  After, e.g., breakihrough in the second bed, and after the first bed has been
regenerated so that it is again prepared for adsorption service, the flow of the gaseous
mixture is switched from the second bed to the first bed, and the second bed is
regenerated. The total eycle time is the length of time from when the gaseous mixture
is first conducted to the first bed in a first cycle to the time when the gaseous mixture
is first condncted to the first bed in the immediately succeeding cycle, i.e., after a
single regeneration of the first bed. The use of third, fourth, fifth, etc. vessels in

™ addition to the second vessel, as might be needed when adsorption time is short but

desorption time is long, will serve to increase cycle time.

[0018]  Thus, in one configuration, a pressure swing cycle will include a feed step,
at least one depressurization step, a purge step, and finally a repressurization step fo
prepare the adsorbent material for reintroduction of the feed step. The sorption of the
contaminants usually takes place by physical sorption onto the sorbent that is normally
a porous solid such as activated carbon, alumina, silica or silica-alumina that has an
affinity for the contaminant. Zeolites are often used in many applications since they
may exhibit a significant degree of selectivity for certain contaminants by reason of
their controlled and predictable pore sizes. Normally, chemical reaction with the

) sorbent is not favored in view of the increased difficulty of achieving desorption of

| species which have becorme chemically bound to the sorbent, but chemisorption is yuy
no means to be excluded if the sorbed materfals may be effectively desorbed during
the desorption portion of the cycle, e.g., by the use of higher temperatures coupled
with the reduction in pressure. Pressure swing adsorption processing is described
more fully in the book entitled Pressure Swing Adsorption, by D. M. Ruthven, S.
Farouq & K. 8. Knaebel (VCH Publishers, 1994).
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[0019] Conventional PSA possesses significant inherent disadvantages for a variety
of reasons. For example, conventional PSA units are costly to build and operate and
are significantly larger in size for the same amount of hydrogen that needs to be
recovered from hydrogen-containing gas streams as compared to RCPSA. Also, 2
conventional pressure swing adsorption unit will generally have cycle times in excess
of one minnte, typically in excess of 2 to 4 minutes due to time limitations required to
allow diffusion of the components throngh the larger beds utilized in conventional
PSA and the equipment configuration and valving involved. In contrast, rapid cycle
pressure swing adsorption is utilized which has total cycle times of less than one
minute, The total cycle times of RCPSA may be less than 30 seconds, preferably less
than 15 seconds, more preferably less than 10 seconds, even more preferably less than
5 seconds, and even more preferably less 2 seconds. Further, the rapid cycle pressure
swing adsorption units used can make use of substantially different sorbents, such as,

but not limited to, structured materials such as monoliths.

[0020]  The overall adsorption rate of the adsorption processes, whether
conventional PSA or RCPSA, is characterized by the mass transfer rate constant in the
gas phase (1,) and the mass transfer rate constant in the solid phase (7). A material's
mass transfer rates of a material are dependent vpon the adsorbent, the adsorbed
compound, the pressure and the temperature. The mass transfer rate constant in the

gas phase is defined as:

a. 1,=Dg/ RS (in cm%/sec)

M
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where Dy, is the diffusion coefficient in the gas phase and R, is the characteristic
dimension of the gas mediurn. Here the gas diffusion in the gas phase, D, is well
known in the art (i.e., the conventional value can be used) and the characteristic
dimension of the gas medium, R, is defined as the channel width between two layers
of the structured adsorbent material.

[0021]  The mass transfer rate constant in the solid phase of a material is defined as:
) a. 7, =D, /R (in em?/sec)

2

where D is the diffusion coefficient in the solid phase and R, is the characteristic
dimension of the solid medium. Here the gas diffusion coefficient in the solid phase,
Dy, is well known in the art (i.e., the conventional value can be used) and the
characteristic dimension of the solid medium, R, is defined as the width of the

adsorbent layer.

[0022] D. M. Ruthven & C. Thaeron, Performance of a Parallel Passage
Absorbent Contactor, Separation and Purification Technology 12 (1997) 43-60, which

J is incorporated by reference, clarifies that for flow through a monolith or a structured
adsorbent that channel width is a good characteristic dimension for the gas medium,
R, U.S. patent 6,607,584 to Moreau et al., which is incorporated by reference, also
describes the details for calculating these transfer rates and associated coefficients for
a given adsorbent and the test standard compositions used for conventional PSA.
Calculation of these mass transfer rate constants is well known to one of ordinary skill
in the art and may also be derived by one of ordinary skill in the art from standard
testing data.
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I nvention opeigdos@eRycl e consisting of different steps.pcii®@Boodind2os
feed during which product is produced, step 2 is co-current
depressurization, step 3 is counter-current depressurization, step 4
I's purge, usually -22 - counter-current) and step 5is
repressurization wth product. In the RCPSA s descri bed here at any
instant half the total nunber of beds are on the feed step. In this
exanple, "EMI = 2 sec in which the feed time, th is one-half of the
total cycle. Exanple 5 [0044] In third0exanple, the conditions are
the sanme as in Exanple 4. Table 2a shows conditions utilizing both a
co-current and counter-current steps to achieve hydrogen purity > 99
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pressure =
B general limited patticle sizes of about 1 mun and above, Otherwise, excessive pressure

drop, increased cycle times, limited desorption, and channeling of feed materials will

result.

[0024] In an embodiment, RCPSA ufilizes a rotary valving system to conduct the
gas flow through a rotary sorber modnle that contains a number of separate adsorbent
bed compartments or "tubes", each of which is successively cycled through the
sorption and desorption steps as the rotary module completes the cycle of operations.
The rotary sorber module is normally comprised of multiple tubes held between two
seal plates on either end of the rotary sorber module wherein the seal plates are in

contact with a stator comprised of separate manifolds wherein the inlet gas is

i,

" conducted to the RCPSA tubes and processed purified product gas and the tail gas
exiting the RCPSA tubes is conducted away from rotary sorber module. By suitable
arrangement of the seal plates and manifolds, a number of individual compartments or
tbes may pass through the characteristic steps of the complete cycle at any one time.
In contrast with conventional PSA, the flow and pressure variations required for the
RCPSA sorption/desorption cycle changes in a number of separate increments on the
order of seconds per cycle, which smoothes out the pressure and flow rate pulsations

encountered by the compression and valving machinery. In this form, the RCPSA
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module includes valving elements angularly spaced around the circular path taken by
the rotating sorption module so that each compartment is successively passed to a gas
flow path in the appropriate direction and pressure to achieve one of the incremental
pressure/flow direction steps in the complete RCPSA cycle. One key advantage of the
RCPSA technology is a significantly more efficient use of the adsorbent material. The
quantity of adsorbent required with RCPSA technology can be only a fraction of that
required for conventional PSA technology to achieve the same separation quantities

} and qualities. As a result, the footprint, investment, and the amount of active
adsorbent required for RCPSA is significantly lower than that for a conventional PSA

unit processing an equivalent amount of gas.

[0025] In an embodiment, RCPSA bed length unit pressure drops, required
adsorption activities, and mechanical constraints (due to centrifugal acceleration of the
rotating beds in RCPSA), prevent the use of many conventional PSA adsorbent bed
materials, in particular adsorbents that are in a loose pelletized, particulate, beaded, or
extrudate form. In a preferred embodiment, adsorbent materials are secured to a
supporting understructure material for use in an RCPSA rotating apparatus. For
example, one embodiment of the rotary RCPSA apparatus can be in the form of
adsorbent sheets comprising adsorbent material coupled to a structured reinforcement
material, A suitable binder may be used to attach the adsorbent material to the
reinforcement material. Non-limiting examples of reinforcement material include
monoliths, a mineral fiber matrix, (such as a glass fiber matrix), a metal wire matrix
(such as a wire mesh screen), or a metal foil (such as aluminum foil), which can be
anodized. Examples of glass fiber matrices inclnde woven and non-woven glass fiber
scrims. The adsorbent sheets can be made by coating a slurry of suitable adsorbent

component, such as zeolite crystals with binder constifuents onto the reinforcement
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material, non-woven fiber glass scrims, woven metal fabries, and expanded aluminum
foils. In a particular embodiment, adsorbent sheets or material are coated onfo ceramic

supports.

[0026]  An absorber in a RCPSA mmit typically comprises an adsorbent solid phase
formed from one or more adsorbent materials and a permeable gas phase through
which the gases to be separated flow from the inlet to the outlet of the adsorber, with a
substantial portion of the components desired to be removed from the stream
adsorbing onto the solid phase of the adsorbent. This gas phase may be called
“circnlating gas phase”, but more simply "gas phase". The solid phase includes a

network of pores, the mean size of which is usually between approximately 0.02 pm

.and 20 pm. There may be a network of even smaller pores, called "micropores", this

being encountered, for example, in microporous carbon adsorbents or zeolites. The
solid phase may be deposited on a non-adsorbent support, the primary function of
which is to provide mechanical strength for the active adsorbent materials and/or
provide a thermal condnction fiunction or to store heat. The phenomenon of adsorption
comprises two main steps, namely passage of the adsorbate from the circulating gas
phase onto the surface of the solid phase, followed by passage of the adsorbate from

the surface to the volume of the solid phase into the adsorption sites.

[0027] In an embodiment, RCPSA. utilizes a structured adsorbent which is
incorporated into the tubes utilized in the RSPCA. apparatus. These structured
adsorbents have an tmexpectedly high mass transfer rate since the gas flows through
the channels formed by the structured sheets of the adsorbent which offers a
significant improvement in mass fransfer as compared fo a traditional packed fixed bed

arrangement as ntilized in conventional PSA. The ratio of the transfer rate of the gas
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Pphase (t,) and the mass transfer rate of the solid phase (t,) in the current invention is
greater than 10, preferably greater than 25, more preferably greater than 50. These
extraordinarily high mass transfer rate ratios allow RCPSA to produce high purity
hydrogen streamns at high recovery rates with only a fraction of the equipment size,

adsorbent volume, and cost of conventional PSA.

[0028]  The structured adsorbent embodiments also results in significantly greater

7 pressure drops to be achieved through the adsorbent than conventional PSA without
the detrimental effects associated with particulate bed technology. The adsorbent beds
can be designed with adsorbent bed unit length pressure drops of greater than 5 inches
of water per foot of bed length, more preferably greater than 10 in. H,O/ft, and even
more preferably greater than 20 in. H,O/ft. This is in contrast with conventional PSA.
units where the adsorbent bed unit length pressure drops are generally limited to below
about 5 in. HyO/ft depending upon the adsorbent nsed, with most conventional PSA
units being designed with a pressure drop of about 1 in. H>O/ft or less to minimize the
problems discussed that are associated with the larger };eds, long cycle time, and
particulate absorbents of conventional PSA units. The adsorbent beds of conventional
PSA cannot accommodate higher pressure drops because of the risk of flnidizing the

) beds which results in excessive atirition and premature nnit shutdowns due to

accompanying equiﬁment problems and/or 2 need to add or replace lost adsorbent
materials. These markedly higher adsorbent bed unit length pressure drops allow
RCPSA adsorbent beds to be significantly more compact, shorter, and efficient than

those utilized in conventional PSA.

[0029]  In an embodiment, high unit length pressure drops allow high vapor

velocities to be achieved across the structured adsorbent beds. This results in a greater
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puriFfies adduﬂmmuhmmhmsaakwpﬂmﬂﬂdbmgﬁkmgﬂhleved using the RCPSA with
all the exhaust produced at high pressure have not been di scovered
before and are a key feature of The present invention.

[0030) The absolute pressure levels employed during the RCPSA. process are not
critical. In practice, provided that the pressure differential between the adsorption and
desorption steps is sufficient to cause a change in the adsorbate fraction loading on the
adsorbent thereby providing a delta loading effective for separating the stream
components processed by the RCPSA mnit. Typical absolute operating pressure levels
range from about 50 to 2500 psia. However, it should be noted that the actual
pressures utilized during the feed, depressurization, purge and repressurization stages
are highly dependent upon many factors including, but not limited to, the actual
operating pressure and temperature of the overall stream to be separated, stream
composition, and desired recovery percentage and purity of the RCPSA product
stream. The RCPSA process is not specifically limited to any absolute pressure and
due to its compact size becomes incrementally more economical than conventional
PSA processes at the higher operating pressures. U.S. Patent Nos. 6,406,523
6,451,095; 6,488,747, 6,533,846 and 6,565,635, all of which are incorporated herein
by reference, disclose various aspects of RCPSA technology.



[ 0048] Table 3c shows the results for an RCPSA (volume = 49 cubic ft).,
that delivers high purity (> 99% H2 at high recovery for the sane
refinery streamrassmigsed i n Tabl es 3a and 3b. As conparech/vseodanies
3a, Table 3c shows that simlar purity and recovery rates can be

achi eved by sinultaneously decreasing the duration of the feed cycle,
tr, and the purge cycle, tr, WD 2006/ 079027PCT/ US2006/ 002295 - 25 -
Table 3c. Effect of step durations on 112 purity and recovery from an
RCPSA (49 ft3). Feed is at 480 psig , 101 deg F and Tail gas at 65
psig. Feed rate is about 10 |IVIMSCFD. Wthout counter-current depress
purity recovery tF tco to'i tp IRP S°$ $ S S 95.6 87.1

[0031] Inan embodiment and an example, the rapid cycle pressure swing
adsorption system has a total cycle time, tror, to separate a feed gas into product gas
(in this case, 2 hydrogen-enriched stream) and a tail (exhaust) gas. The method
generally mcludes the steps of conducting the feed gas having a hydrogen purity F%,
where F is the percentage of the feed gas which is the weakly-adsorbable (hydrogen)
component, into an adsorbent bed that selectively adsorbs the tail gas and passes the
hydrogen product gas out of the bed, for time, tz, wherein the hydrogen product gas

) has a purity of P% and a rate of recovery of R%. Recovery R % is the ratio of amount
of hydrogen retained in the product to the amount of hydrogen available in the feed.
Then the bed is co-currently depressurized for a time, tco, followed by counter-
currently depressurizing the bed for a time, tcy, wherein desorbate (tail gas or exhaust
gas) is released from the bed at a pressure greater than or equal to 1 psig. The bed is
purged for a time, tp, typically with a portion of the hydrogen product gas.
Subsequently the bed is repressurized for a time, tgp, typically with a portion of
hydrogen product gas or feed gas , wherein the cycle time, trar, is equal to the sum of

the individual cycle times comprising the total cycle time, i.e.:

a, tror =ftrttcottawtip+ire
(3)

R

[6032] This embodiment encompasses, but is not limited to, RCPSA processes such
that either the rate of recovery, R% > 80% for a product purity to feed purity ratio,
P%/F% > 1.1, and/or the rate of recovery, R% > 90% for a product purity to feed
purity ratio, 0 <P%/F% < 1.1. Results supporting these high recovery & purity ranges
can be found in Examples 4 through 10 herein. Other embodiments will include
applications of RCPSA in processes where hydrogen recovery rates are significantly
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gas at the higher pressure, such as at typical fuel header pressure
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3- performed or that only one of steps teg or tey be omitted from the total cycle.
However, additional steps can also be added within a RCPSA cycle to aid in

R

enhancing purity and recovery of hydrogen. Thus enhancement could be practically
achieved in RCPSA because of the small portion of absorbent needed and due to the
elimination of a large number of stationary valves utilized in conventional PSA

applications.

[0034] Inan embodiment, the tail gas is also preferably released at a pressure high
enough so that the tail gas may be fed to another device absent tail gas compression.
More preferably the tail gas pressure is greater than or equal to 60 psig. In a most
preferred embodiment, the tail gas pressure is greater than or equal to 80 psig. At

higher pressures, the tail gas can be conducted to a fuel header.

[G035]  Practice of the present invention can have the following benefits:

(a) Increasing the purity of hydrogen-containing stream(s) available as
makeup gas, or of streams which must be upgraded to higher purity before they are

suitable as make-up gas.
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(b) Increasing the purity of hydrogen-containing recycle gas streams
resulting in an increase in overall hydrogen treat gas purity in the. reactor to allow for
higher hydrotreating severity or additional product treating.

{c) Use for H;, recovery from hydroprocessing purge gases, either where
significant concentrations of HpS are present (before gas scrubbing) or after gas
scrubbing (typically <100 vppm H,S).

) [0036] Inhydroprocessing, increased Hj purity translates to higher H, partial
pressures in the hydroprocessing reactor(s). This both increases the reaction kinetics
and decreases the rate of catalyst deactivation. The benefits of higher H; partial
pressures can be exploited in a variety of ways, such as:
operating at lower reactor temperature, which reduces energy costs, decreases catalyst
deactivation, and extends catalyst life; increasing unit feed rate; processing more sour
(higher sulfur) feedstocks; processing higher concentrations of cracked feedstocks;
improved product color, particularly near end of run; debottlenecking existing
compressors and/or treat gas circuits (increased scf H, at constant total flow, or same
scf H, at lower total flow); and other means that would be apparent to one skilled in
the art.

[0037]  Increased H,recovery also offers significant potential benefits, some of
which are described as follows:

(i) reducing the demand for purchased, manufactured, or other sources of H,
within the refinery;

(if) increasing hydroprocessing feed rates at constant (existing) makeup gas

demands as a result of the increased hydrogen recovery;
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(iii) improving the hydrogen purity in hydroprocessing for increased heteroatom
removal efficiencies;

(iv) removing a portion of the H; from refinery fuel gas which is detrimental to
the fuel gas due to hydrogen's low BTU value which can present combustion capacity
limitations and difficulties for some fumace burners;

(v) Other benefits that would be apparent to one kmowledgeable in the art,

The following examples are presented for illustrative purposes only and should not be

cited as being limiting in any way.
EXAMPLES

Example 1
[0038] This example describes the conventional operation of refinery process units

without the benefits of the invention. A first process distillate treater operating at 35

barg, is fed with a mixture of distillate fuel from different upstream processing units

such as vacuum pipestills or selective catalytic treatments umits, at a typical rate of 160
3

m /b

[0039] A second process distillate (e.g., gas oil) treater operating at 20 barg, is fed
with a mixture of oil from different upstream processing units such as atmospheric
pipestills or fluid catalytic crackers, at a typical rate of 200 m’/h.The second unit can
be operated in conjunction with the first in different conventional modes , each mode
designed to make distillate products that meet sulfur specifications. For example the
first treater produces a product with 50 ppm sulfur, whereas the second treater can

make either product with 2000 ppm sulfir. When the conventional unit operation is



300 psig 290 pslg 40 psig Exanple 8 [0050) Tables 5a and 5b conpare
the performance of RCPSA s operated in accordance with the invention
bei ng descri P¥Y2HEPE27The stream being purified has | owePCTHSZ0H/001ES
feed (51% nol) and is a typical refinery/petrochem cal stream In
both cases (corresponding to Tables 5a and 5b), a counter current
depressurization step is applied after the co-current step. In
accordance with the invention, Table 5a shows that high H2 recovery
(81% is possible even when all the tail gas is released at 65 psig
or greater. In contrast, the RCPSA whgpe some tail-gas is available
as low as 5 psig, | oses hydrogen in the counter-current

depressuri Bgﬁ % she
hi gher pres ure o? b’ft%efoglﬁ% eﬂglrgﬁlelr ﬁﬁ%}ﬁ%{nycogg (#ﬂ g%?ge Qegiﬂ%ﬁﬁ%‘s?hﬁﬁﬂala@
conpr essi onwitlsa ireafigias exde of 14 i’/ dhdradnctalfr BH 250 beat Cofresfahdingas
Pressure on recqve | e ,of, RCPSA aop Jed

concent r at i GHY % tég “gi W%GPF% Oi‘l%g%ﬂ%ﬁ&gtheﬁﬁgw&{eﬁg@7
f rom RCPSA N&%fagm ptdauaﬂa%]faﬂéfitl | Dhese Esi%b feprefiut 4 3x@ah18 withdd: €69
F and Feed rate is about 5.1 M VI'SCFD. Tabl e 5a. Step Tines in
seconds ar ebem&’@tssfu%leQé‘Séaathqagcas@cquq@n&o 25, tnp =0.133 [a]
Tail gas available from 65-83 psiq. 142 at 99. 7% purity and 81%
recove ry feed product Tail-Gas H2 51.3 99,71

Example 2
F‘) [0040] This example illusirates a first embodiment of the invention as shown in

Figure 2 hereof, where the RCPSA. unit is placed on the outlet of the second acid
scrubber. In this mode of operation of the invention, hydrogen consurﬁption in the
second refinery unit is 3500 Nm®/h with a treat ges rate of 14 Nm®/h and product sulfur
of 1100 ppm. Corresponding values for the first unit under this mode of operation are
hydrogen consumption of 3900 Nm /h, treat gas rate of 27 Nm/h and product sulfur of
27 ppm (vs. 44 ppm in Example 1) . It is seen from this example that the mode of
operation described by Figure 2 permits significant increases in hydrogen consumption
in both first and second treaters and further reduced sulfur levels in both product from
treatexrs, when compared to conventional operation described in Example 1 above.

Therefore, allowing to process more feed and have more low sulfur distillate product.

Example 3
[0041] This example illustrates second embodiment of the invention, where a rapid

cycle PSA unit is placed within the configuration of the units of Example 1, as shown
in Figure 1 hereof, In doing so, treat gas purity increases in second treater and
consequently hydrogen consurnption in the second treater increases by 1500 Nm3/h to
3900 Nm3/h. Additionally in the second unit in this mode of the invention , the treat
gas rate is 9 Nm3/h and product sulfur of 1250 ppm. Corresponding values for the



20.1 C 38.0 0.29 61.0 C2 4.8 0.00 8.0 03 2.2 0.00 3.8 ¢4+ 3.7 0.00

6.4 H20 4000 vppm 0.7 vppm 6643 vppm!total (MVBCFD) 5.142 2.141
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first unit under this embodiment of the invention are hydrogen consumption of 3500
Nm3/h, treat gas rate of 27 Nm3/h and product sulfur of 35 ppm. It will be seen from
Example 2 that the mode of operation described by Figure 1 permits an increase of
hydrogen consumption by almost 50% and the reduced sulfur content (35 ppm vs 44
ppm). Unexpectedly this example illustrates that not as much sulfur reduction as in
example 2 because some of the aromatics are saturated which does not leave additional

hydrogen for deep desulfurization.

Example 4
[0042] In this example, the refinery stream is at 480 psig with tail gas at 65 psig

whereby the pressure swing is 6.18. The feed composition and pressures are typical of
refinery processing units such as those found in hydroprocessing or hydrotreating
applications. In this example typical Irydrocarbons are described by their carbon
number i.e. C; = methane, C, = ethane etc. The RCPSA is capable of producing
hydrogen at > 99 % purity and > 81 % recovery over a range of flow rates. Tables 1a
and 1b show the results of computer simnlation of the RCPSA. and the input and
output percentages of the different components for this example. Tables 1a and 1b
also show how the hydrogen purity decreases as recovery is increased from 89.7 % to
; 91.7 % for a 6 MMSCEFD stream at 480 psig and tail gas at 65 psig.



3.001 273 psig 263 psig 65-83 psi

4=0. 667,

avai |l abl e fr &Y BU&H2%TI O,

0,00 6.9

tco =40. 167, to/

g

Tabl e 5b. Step Tines in sec.

=0. 083, 4 =0.083,

142 at 99.9 %purity and 56 % PEUBE602295
feed product Tall-Gas 142 51.3 99.99 34.2 C1 36.0 0.01 48.8 02 4.8

~21 -

tie =0.33 [b] Tail

Tables 1a & 1b

Composition (mol %) of input and output from
RCPSA (67 ft') in H2 purification.
Feed is at 480 psig, 122 deg F and Tail gas at 65 psig.
Feed rate is about 6 MMSCFD.,

Table 1a. Higher purity

Step Times in seconds are ty=1, tco =0.167, tcy =0, tp =0.333, tgp =0.5

H2 al 98,6 % purity, 89.7 % recovery

gas

feed praduct "TalkGas
H2 88.0 98.69 45.8,
ct 5.3 1.28 351
c2 0.2 0.1 1.0
C3 2.6 0.01 12.3
C4+ 29 0.00 14.8
H20 2000 vppm 65 vppm 9965 vppm
I’(otal {MMBSCFD) 6.162 4,834 1.228
480 psig 470 psig 65 pslg

Table 1b. Higher puarity
Step Times in seconds are tg=1, tco =0.333, toy =0, tp =0.167, tgp =0.5

H2 alt 97.8 % purity, 91.7 % ecovery

feed product Tail-Gas
H2 88.0 G7.80 459
C1 6.3 2,14 250
c2 0.2 0.02 10
C3 2.6 0.02 123
C4+ 2.9 0.00 14.9
H20 2000 vppm 431 vppm 10016 vprm
lotal (MMSCFD) 8.160 5.085 1.074
480 psly 470 psig 65 psig

[0043]

are

The RCPSA's described in the present invention operate a cycle consisting

of different steps. Step 1 is feed during which produet is produced, step 2 is co-current

depressurization, step 3 is counter-current depressurization, step 4 is purge, usually



03 2.2 0.00 3.4 C4+ 3.7 0.00 6.2 H20 4000 vppm 0.0 vpom 5630 vppm
total (MVBCED) 5.142 1.490 3.651 273 pslg 263 psig 5-65 pag Exanple
9 [0051] In o seexemapl e, Tables 6a and 6b conpare the perfustosimesof
RCPSA' s operated in accordance with the invention being described
here. In these cases, the feed pressure is 800 psig and tail gas is
exhausted at either 65 psig or at 100 psig. The conposition reflects
typical inpurities such H2S, which can be present in such - 28 -
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counter-current) and step 5 is repressurization with product. In the RCPSA's described
here at any instant half the total number of beds are on the feed step. In this example,

tror = 2 sec in which the feed time, ty, is one-half of the total cycle.

Example 5
[0044]  In this example, the conditions are the same as in Example 4. Table 2a

‘ shows conditions utilizing both a co-current and counter-current steps to achieve

L .hydrogen purity > 99 %. Table 2b shows that the counter-curent depressurization step
may be eliminated, and a hydrogen purity 0o£ 99% can still be maintained. In fact, this
shows that by increasing the time of the purge cycle, tp, by the duration removed from
the counter-current depressurization step, tey, that hydrogen recovery can be increased

to a level of 88%.

Tables 2a & 2b
Effect of step durations on H2 purity and recovery from an RCPSA (67 £t°), Same
conditions as Table 1. Feed is at 480 psig , 122 deg F and Tail gas at 65 psig. Feed
rate is about 6 MMSCFD,

Table 2a, With counter-current depress, Intermediate pressure = 105 psig

) purity | recovery te tco ten tp tre
) % % s s 5 S 5

98.2 84.3 1 0.283 0.05 0.167 0.5

98.3 85 1 0.166 0.167 G.167 0.5

99.9 80 1 0.083 0.25 0.167 0.5

Table 2b. Without counter-current depress

purity |} recovery te tco ton tp tre
% % $ 5 s 8 5

97.8 91.7 1 0.333 0 0.167 05

08.7 a0 1 0.166 0 0.334 0.5
99 88 1 0.083 0 0.417 0.5




refinery applications. As can be seen, high recovery (> 80%) is
observed in both cases with the high purity > 99 % In both these
cases, only aveasetPEnt depressurization is used and t hBCEHE$NWERZ295
during this step is sent to other beds in the cycle. Tail gas only

i ssues during the countercurrent purge step. Table 6¢c shows the case
for an RCPSA operated where sone of the tail gas is also exhausted in
a countercurrent depressurization step followi ng a co-current
depressuri zation. The effluent of the co-current depressurization is
of sufficient purity and pressure to hg able to return it one of the
ot her beds in the RCPSA vessel configuration that is part of this
invention. Tail gas i.e., exhaust gas, issues during the
counter-current depressurization and the counter-current purge steps.
[0052] I n all cases the entire anount of tail gas is available at

el evat ed prgssur ich allows for integration with other high
pressure reﬁ\!@@wocess. This renoves the need for any form of
required co SSi ¥hhnk RFUC] g FE‘HD!.G t%%ﬁl i -
recoveries.ﬁ?ﬁsgcég?%ancéﬁaf%h th% broé%h% alném% t ?@*Pﬁ%gﬁ?F%ﬁF¥

t hese casestynicel eomippnenss.ise showms inifsedeblemn of Tatde B 4¢.gvibe foedrppsesiton
not limtin I a0 1 ef i ner etro Al .ar processin

| ocati on or&élgéélﬁg]ﬁ)ﬁt}%% Eg? lgjtr“"efm%ﬁs a¥ﬂ%§$§wﬁﬂ§r€m§8§g€ BSH Yigereby
separ at ed. the aB®lute prbluessing 166,18 806¢e dpaaiipb R CHS ARGRBOpRBdH: itdntich 18
hi.gh pressure feeg gﬁqggs¥%%pn (mol 99 of input_and output from RCPSA
(18)113) i r°apade ghprofpeng hytiosubad 9%7 Auitandys 8y Yo Frogvenetiom thesg ferded

rate i s aboyuphQitbnd\l MEREHR anfidb sBb@RTEERS of fhis are tp=0.91,
tcoteN =0, tp =0.33, tRp =0.33 800 psig790 psig65 psi @6b. Step Tines
[b] Tall gas at 100pslg , 1-12 in seconds are tp=0.91, tco =0.25, t

at 99.93% purity and 80.3 % recoverr)ébfgsgg&ggb33, tRp =0.33 feed

product Tail - Ga%ogzlmZﬁio(l)l (19[1%1 % of input and output from RCPSA (53 ft}) in H2
purification. Feed is at 480 psig, 101 deg F and Tail gas at 65 psig.
Feed rate is about 10 MMSCFED.

Table 3a. Higher purity
Step Times in seconds are tp=0.583, tog =0.083, tcy =0, tp =0.25, tgp =0.25

H2 at 99.98 % purlty and 86 % recovery

feed product Taill-Gas
H2 74.0 99.98 29.8
C1 4.3 0.02 376
‘ c2 5.2 0.00 13.8
) C3 , 286 ¢.00 74
C4+ 39 0.00 11.0
H20 2000 vppm 0.3 vppm $387 vppm
jtotal (MMSCFDY} 10,220 68.514 3.705

480 psig 470 psig 65 psly

(



38.1 d 14.3 0.07 32.8 C2 5.2 0.00 12.5 C3 2.6 0.00 6.5 C4+ 3.9 0.00
9.6 H2S 20 vppm O vppm 49 vppm Dotal (MVBCED) 10.187 6.062
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Table 3b. Lower purity
Step Times in seconds are ty=0.5, tco =0.167, toy =0, tp =0.083, tgp =0.25

H2 at 93 % purily and 89 % recovery

fead product T Tall-Gas
Hz2 74.0 93.12 29.3
C1 14.3 5.34 31.0
c2 5.2 . D.50 16.6
C3 2.6 D.02 8.9
C4+ 3.9 D.00 134
H20 2000 vppm 142 vppm 6601 vpm
[lotal (MM SCFD) 10.220 7.240 2,977
480 psig 470 psig 65 pslg

[0046] In both cases shown in Tables 3a and 3b above, although tail gas pressure is
high at 65 psig, the present invention shows that high purity (99 %) may be obtained if

the purge step, tp, is sufficiently increased.

[0047] Tables 2a, 2b and 3a show that for both 6 MMSCED and 10 MMSCFD flow
rate conditions, very high purity hydrogen at ~99 % and > 85 % recovery is achievable
with the RCPSA. In both cases the tail gas is at 65 psig. Such high purities and
recoveries of product gas achieved using the RCPSA with all the exhaust produced at
high pressure have not been discovered before and are a key feature of the present

invention.

[0048] Table 3c shows the results for an RCPSA (volume = 49 cubic ft) that
delivers high purity (> 99%) H, at high recovery for the same refinery stream
discussed in Tables 3a and 3b. As compared to Table 3a, Table 3¢ shows that similar
purity and recovery rates can be achieved by simultaneously decreasing the duration of

the feed cycle, tg, and the purge cycle, tp,



4.125 800 psig 790 psig 100 pslg WD 2006/079027 PCT/ US2006/ 002295
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Table 3c. Effect of step durations on H2 purity and recovery from an RCPSA (49
ft%). Feed is at 480 psig , 101 deg ¥ and Tail gas at 65 psig. Feed rate is about 10
MMSCED. Without counter-current depress

purity { recovery t tco ten tp trp
% % ) 5 5 s s
95.6 87.1 0.5 0.167 0 0.083 0.25
97.6 86 0.5 0.117 0 0.133 0.25
.) 99.7 85.9 0.5 0.083 0 0.167 0.25
Example 7

[0049]  In this example, Table 4 further illustrates the performance of RCPSA's
operated in accordance with the invention being described here. In this example, the
feed is a typical refinery stream and is at a pressure of 300 psig. The RCPSA of the
present invention is able to produce 99 % pure hydrogen product at 83.6 % recovery
when all the tail gas is exhausted at 40 psig. In this case the tail gas can be sentto a
flash drum or other separator or other downstream refinery equipment without further
compression requirement. Another important aspect of this invention is that the
RCPSA also removes CO to <2 vppm, which is extremely desirable for refinery units

- that use the product hydrogen enriched stream. Lower levels of CO ensure that the
catalysts in the downstream units operate without deterioration in activity over
extended lengths. Conventional PSA. cannot naeet this CO specification and
simnltaneously also meet the condition of exhausting all the tail gas at the higher
pressure, such as at typical fuel header pressure or the high pressure of other
equipment that processes such RCPSA exhaust. Since all the tail gas is available at 40
psig or greater, no additional cgmpression is required for integrating the RCPSA with
refinery equipment.
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Table 4
Composition (mol %) of input and output from RCPSA (4 )
in carbon monoxide and hydrocarbon remeoval from hydrogen.
Feed is at 300 psig, 101 deg F, and Feed rate is about 0.97 MMSCFD.
Step Times in seconds are t5=0.5, tco =0.1, toy =0, tp =0.033, tgp =0.066

H2 at 89,99 % purity and 88 % recovery

feed proguct Tail-Gas

H2 89.2 99.98 48.8

c1 3.3 0.01 13.9

c2 2.8 0.01 13.9

c3 2.0 0.00 10.2

C4+ 2.8 0.00 13.2

co 50 11 1984

{iotal 0.971 0.760 0.211
300 psig 290 psig 40 psig

Example 8
[0050] Tables S5a and 5b compare the performance of RCPSA's operated in

accordance with the invention being described here. The stream being purified has
lower H, in the feed (51% mol) and is a typical refinery/petrochemical stream. In both
cases (corresponding to Tables 5a and 5b), a counter cwrent depressurization step is
applied after the co-current step. In accordance with the invention, Table 5a shows
that high H, recovery (81%) is possible even when all the tail gas is released at 65 psig
or greater. In conirast, the RCPSA where some tail-gas is available as low as 5 psig,
loses hydrogen in the counter-current depressurization such that H, recovery drops to
56%. In addition, the higher pressure of the stream in Table 5a indicates that no tail

gas compression is required.



[-0053] Tabl es 7a, 7b, and 7c conpare the performance of
operated in accordance with the invention being described here.
st ream bei ng Y% P 8% has hi gher 112 in the feed (85 % nBFyURMYPRI5
typi cal refinery/ petrochen cal
is below 10 % (i
constraint, the nmethod of the present
hydr ogen at > 90% recovery wi thout the need for tail
Exanpl e of RCPSA applied to a Feed with 112
Conposi ti onz(mol 9% of
Feed is at 480 psig,
about 6 MMSCFD. 7a. Step Tinmes in

=0. 167, tp =0.167, tizp = I56R082

-12 85.0 92.40. 57,49 . Chcbs

i ncrease in product

Tables 7; 7b, & 7c.

concentration (85 nol

fromRCPSA (6.1 fe)

stream

t p=0. 5,

r =~ 51?0
R i

oncein r'a%ion (51.3 mol %)

It CPSA' s

In these exanples the purity
.e. PIP< 1.1).
I nvention is able to produce

Under this
gas conpressi on.

i nput and out put

135 deg F and Feed rate is
tco =033,

yproduct Tai |l - Gas

Composition (mol %) of input and output from RCPSA (31 1t%) in H2

purification.

Feed is at 273 psig, 122 deg ¥ and Feed rate is about 5.1 MVISCED.

Table 5a. Step Times in seconds are t;=0.5, tco =0.083, toy =0.033, tp =0.25,

tre =0.133
- g [2a] Tell gas available from 65-83 paig, H2 at 89.7 % purity and 81 % recovery
/ feed product Tail-Gas

H2 M3 99,71 20.1

C1 38.0 0.29 61.0

cz 4.8 o.0n 8.0

c3 22 0.00 38

Cd+ 3.7 0.00 84
H20 4000 vppm 0.7 vopm 6643 vopm

Itoial {MMSCFD) 5,142 2.141 3.001
273 psig 263 psig 65-83 psig

Table 5b. Step Times in sec. are tr=0.667, tco =0.167, tox =0.083, t, =0.083,

[b] T=il gas availabla from &85 psig, H2 at89.9 % pudty and 56 % recovery
fead product Tail-Gag
H2 5.2 59388 34.2
C1 2B.0 0.01 48.8
c2 4.8 0.00 6.9
. c3 22 0,00 34
R cd+ 37 0.00 6.2
H2D 4000 vppm 0.0 vpom 5630 vppm
|t clal (MMSCFD) 5.142 1.490 3.651
273 psly 263 psip 5-65 psg
Example 9

[0051]  In this example, Tables 62 and 6b compare the performance of RCPSA's

operated in accordance with the invention being described here. In these cases, the

feed pressure is 800 psig and tfail gas is exhausted at either 65 psig or at 100 psig. The

compostition reflects typical impuritics such H2S, which can be present in such

The

teri
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refinery applications, As can be seen, high recovery (> 80% ) is observed in both
cases with the high purity > 99 %. In both these cases, only a co-current
depressurization is used and the effluent during this step is sent to other beds in the
cycle. Tail gas only issues during the countercurrent purge step, Table 6c shows the
case for an RCPSA operated where some of the tail gas is also exhausted in a
countercurrent depressurization step following a co-current depressurization. The

o effluent of the co-current depressurization is of sufficient purity and pressure to be

/( able to return it one of the other beds in the RCPSA vessel configuration that is part of

this invention. Tail gas i.e., exhaust gas, issnes during the counter-current

depressurization and the counfer-carrent purge steps.

[0052] In all cases the entire amount of tail gas is available at elevated pressure
which allows for integration with other high pressure refinery process. This removes
the need for any form of required compression while producing high purity gas at high
recoveries. In accordance with the broad claims of this invention, these cases are only
to be considered as illustrative examples and not limiting either to the refinery,
petrochemical or processing location or even to the nature of the particular molecules

being separated.

(Y



feed product Tall-Gas 112 85.0 90.90 582 C 8.0 5.47 18.1 C2 4.0 2.23

12.9 C3 3.0 1.29 10.1 CA+
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Tables 6a, 6b, & 6¢c
Example of RCPSA applied to 2 high pressure feed
Composition (mol %) of input and output from RCPSA (18 t}) in B2
purification,
Feed is at 800 psig, 122 deg F and Feed rate is about 10.1 MMSCFD.

6a. Step Times in seconds are tp=0.91, tcg =0.25, toy =0, tp =0.33, tpp =0.33
[2] Tail gas at 65 psig, H2 2t 89,8 % purly and 87 % recovery

toad product Tail-Gas
- H2 74.0 99.99 29.5
) ¢ 14.3 0.01 are
- c2 5.2 0.00 14.0
c3 26 0.00 T4
Cé+ 3.8 0.00 160.9
H2S 20 vppm 0 55 vppm
[total (MMSCFD} 10,187 6.524 3.563
800 psig 790 psig 65 pslg

6b. Step Times in seconds are ty=0.91, tco =0.25, toy =0, tp =0.33, tre =0.33

[b] Tzl gas at 100 psig, H2 at 89.93 % purity and 80.3 % recovery

fe_ad product Taii-Gas
H2 74.0 59.93 38,1
C1 14.3 0.07 328
cz2 5.2 0.00 12.5
Cc3 286 .00 6.5
Cé+ 33 0.00 9.6
H28 20 vppm O vppm 49 vppm
fiotal (MMSCTFD) 10.187 6.062 4,125
800 psig 790 psig 100 pslg




0.0 0.00 ©.0 1120 2000 1070.5 6823 Itotal (MVSCFD) 6.120 5.150 0.989
480 psig 470 psig65 psig 7c. Step Tines in sec. are tr=2, tcO
=0. 667, tcpzweCo®33902tp =0.167, tRp =0.833 recovery = 9@CYHS2006/0023%8ed

«30~

6c. Step thmes in seconds are t=0.91, tco =0.083, ton =0.25, tp =0.167, tgp =0.41
[} Tailt gas from 65-100 psig, H2 at 99,8 % purlly and 84 % recovery

feed product Tall-Gas
H2 740 99,85 28.9
C1 14.3 0.05 39.0
c2 52 0.00 13.7
c3 26 0.00 7.2
C4+ 39 0.00 10.6
H28 20 vppm 0.01 vppm 53 vppm
fiotal (MMSCFD) 10,187 6,373 3.814
800 psig 790 psig . 65-100 psig

- Example 10
[0053] Tables 7a, 7b, and 7c compare the performance of RCPSA's operated in
accordance with the invention being described here. The stream being purified has
higher H, in the feed (85 % mol) and is a typical refinery/petrochemical siream. In
these examples the purity increase in product is below 10 % (i.e. P/F < 1.1). Under this
constraint, the method of the present invention is able to produce hydrogen at > 90%

recovery without the need for tail gas compression.

Tables 7a, 7b, & 7c.
Example of RCPSA applied to a Feed with H2 concentration (85 mel %) .
Composition (mol %) of input and output from RCPSA (6.1 ft*) .
Feed is at 480 psig, 135 deg ¥ and Feed rate is about 6 MMSCFD.

7a. Step Times in seconds are tp=0.5, teo =0.33, toy =0.167, tp =0.167, tze =1.83
recovery =85 %

feed ~ product Tal-Gas
H2 85.0 92.40 57.8
C1 8.0 4.56 17.9
c2 4.0 1.79 13.1
C3 3.0 1.16 10.4
Cé+ 0.0 0.00 0.0
H20 2000 B66.5 6915
ltotal (MMSCFD) 6,100 4,780 1.320
480 psig 470 psig 65 psig



product Tall=Gas 112 85.0 90.19 55.2 C 8.0 6.21 18.8 C2 4.0 2.32

13.9 G 3.0 %012?]06}0%0?57 C4* 0.0 0.00 0.0 1-120 2000 PCT/US2006/002295
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7b. Step Times in sec, are tp=1, tco =0.333, toy =0.167, tp =0.083, tgp =0.417
recovery =90 %

ot

feed produet Tall-Gas
H2 85.0 90.90 58.2
Ci 8.0 547 18.1
c2 4.0 223 128
c3 3.0 1.29 10.1
C4+ 0.0 0.00 0.0
H20 2000 1070.8 6823
[total {MMSCFD) 6.120 5.150 0.959
480 psig 470 psig 65 psig

7c. Step Times in see, are ty=2, tco =0.667, toy =0.333, tp =0.167, tzp =0.833

recovery =90 %

feed product Tall-Gas
H2 85,0 90,19 56.2
c1 8.0 6.21 18.8
cz2 40 2.32 13.8
c3 30 117 11.3
G4+ 0.0 0.00 0,0
H20 2000 1103.5 T447
{total (MMSCFD) 5.138 5.208 0.93
480 psig 470 psig 65 psig




1103.5 7447 '"total (MMSCFD) 6.138 5.208 0.93 460 psig470 psig65
psi@ - 32 - What is clained is: 1. A process for increasing the
hydrogen purity in a hydrogen-containing i nput stream associated with
a petrochenical process, which process conprises subjecting the

hydr ogen-contai ning input streamto a ?api d cycle pressure sw ng
adsorption unit containing a plurality of beds and having a total

cycl e tik iOfaifeass:t han about 30 seconds, said total cycle tineg,

t poT, being defined by the equation tror = tF tCO tCNtP tRP, wherein
tF represents a time for product adsorption, tco represents atine
for co- current gleeg Oe,slgcugésgattbog%d(t)cN repr. [#E for. ¢
counter curre}ﬁf’ a pres bl Fatt on, %‘PPQBY%‘S" figoggntcf’ NG R jream
pur gi ngssoaitkdtvirh 4 pffoebaicsl pRodesdevhichipro@es cepiriessubjcethg M hyamndesai d
rapid cycl e pressure sw ng adsor ption unit having ressure drop

Wi t hi n SBRRRINESaRHSERAM Feitagtd ‘Q’F@&r%ﬁsurﬁﬁé’ﬁlgeﬁ%‘ﬂ?“@l PIHEW%‘PFE Ml‘@?h%éff

foot  of,elethdl HaDEE R toth MR 1 1RATb MBssth il RPscBYHHs 0GR EPBIAS B qT(g-aﬁemg

product, wherein the purified hydrogen-contal ning gas prooduct
rec overdeﬁnefdrtbrm@ h@atlalp hdr Syct &opriess metmwhﬁyela@smplpsqn@ma tume tfqr pr oduct

rel ati Vﬁ%(ﬁ%l % %( dr %gﬁ% tﬁ‘gen%)? ?Qlﬁlljlllgent QQ L{jé Sﬁlt’l reff‘ tg%legres?rﬁs a tlﬁlec%nli ( | )

nore OTa are 0 €eX

a rat e colintéreamrear depfd@@rlzgﬁ@ﬁ&;e:repﬁem éSﬁh% de}rbed phngﬁrgogmgpwprdsyntt @time
feed r tro (P%F/% reater than 1.1, (ii) a rat(ﬁz recovery (R%
greate Tontied ey o, q@&r@g@rdﬁrﬁlrwsw $EBY 249 t’@“(up%hﬁﬁ)alg p BEsgsure
than 1 qlodWithifllcfd RkorbB@bed of great(er fhk) amﬁ b n(dh}:s &ngatky dek foot 8f beEngth,

process of claim1l wherein the petroc em cal process 1s one or nore
sel ect depstiponng heugﬁmdcqg@grogniangngﬁasmdenewhwmhp patifieghhydrogen-

ethyl b G04t ?ii?%rgl; a%agg%dﬁ 1ec Qetr&f)ﬁor%r%é(%pl N éle essr.rgsgl adsorptlon unit, relative

di spr opor |ve uene por I onat®i on, *and
t ol ueneg t}iaélrydmgen amlmﬁﬂg 1mp1mets@h1k3ahcatvhaem 0113 or fitvee pftOOES sm@fp, e datk prar2

wherein t t ot al e tinme of rapid adsor ption
0T o6 Sotifileah Bt o SkBIEDLsTale OF régoVerk R ateale Tigh N0FfRr BRESOIUALY 1o
total gyQlgtid {PvE %en F%; gke%i thddam qﬁw;até&ré&@e@qgm@eaafc%h&rm@ wra h(»}afagen

of each adsor t reater than about 10 i'nches of water

f oot obuBldo rfe%rdg@trp (P“/E(F"/'ir s thas delslant @feagdr dham 14 ondiie) baith (1) andd @it al
cycle tinme is | ess than about 5 seconds. -33 - 6.The process of
claim5 wherein the pressure drop of each adsorbent bed is greater

t han aRout T@e prcbsof ofimdtvdrergie thefppabchemida grocesndd dne or more selected from

the group consisting of xylene isomerization, ethylbenzene hydroisomerization to xylenes,
toluene disproportionation, selective toluene disproportionation, and toluene, benzene and Cg*

transalkylation.

3. The process of claim 2 wherein the total cycle time of rapid cycle pressure swing

adsorption is less than about 15 seconds.
4, The process of claim 3 wherein the total cycle time is less than about 10 seconds and the
pressure drop of each adsorbent bed is greater than about 10 inches of water per foot of bed

length.

5. The process of claim 4 wherein the total cycle time is less than about 5 seconds.
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6. The process of claim 5 wherein the pressure drop of each adsorbent bed is greater than

about 10 inches of water per foot of bed length.



